Abstract Human induced pluripotent stem (iPS) cells have great value for regenerative medicine, but are facing problems of low efficiency. MicroRNAs are a recently discovered class of 19-25 nt small RNAs that negatively target mRNAs. miR302/367 cluster has been demonstrated to reprogram mouse and human somatic cells to iPS cells without exogenous transcription factors, however, the repetition and differentiation potentiality of miR302/367-induced pluripotent stem (mirPS) cells need to be improved. Here, we showed overexpression of miR302/367 cluster reprogrammed human embryonic kidney 293T cells into mirPS cells in serum-free N2B27-based medium. The mirPS cells had similar morphology with embryonic stem cells, and expressed pluripotent markers including Oct4, Sox2, Klf4, and Nanog. In addition, through formation of embryoid bodies, various cells and tissues from three germ layers could be determined. Moreover, we examined the potential of mirPS cells differentiating into germ cells both in vitro and in vivo. Taken together, these data might provide a new source of cells and technique for the investigation of the mechanisms underlying reprogramming and pluripotency.
Introduction
Previous studies have shown that human somatic cells could be reprogrammed to achieve remarkable characteristics of embryonic stem (ES) cells via the introduction of two small sets of transcription factors, including OCT3/4, Sox2, Klf4 and c-MYC or OCT3/4, Sox2, LIN28 and Nanog (Takahashi and Yamanaka 2006; Takahashi et al. 2007; Yu et al. 2007 ). The ability to restore pluripotency from somatic cells has created powerful new opportunities for modeling human diseases and offered hopes for personalized regenerative cellular therapies (Robinton and Daley 2012) . In spite of improvements of gene-delivery methods/techniques and addition of small molecules (Feng et al. 2009; Jia et al. 2010; Seki et al. 2010) , the efficiency of reprogramming human somatic cells to induced pluripotent stem (iPS) cells is still low and hamper the use of iPSC technology.
MicroRNAs (miRNAs) are a recently discovered class of 19-25 nt small RNAs that negatively target mRNAs (Hwang and Mendell 2007) . They act in multiple processes of cells, including cell proliferation, death, migration, senescence and development (Hwang and Mendell 2007; Nimmo and Slack 2009; Ambros 2011; Trompeter et al. 2011; Kane et al. 2012) . Recent reports have demonstrated that miR302/367, a unique cluster of miRNAs highly expressed in embryonic stem cells (Suh et al. 2004) , could directly reprogram mouse and human somatic cells into a pluripotent stem cell state in the absence of any transcription factors (AnokyeDanso et al. 2011; Koide et al. 2012) . Most importantly, this miRNA-based reprogramming approach is two magnitudes more efficient than standard methods (10 vs. 0.2-1.0 %) (Anokye-Danso et al. 2011 ). What's more, it's the first time that miR302/367 could reprogram mouse and human somatic cells so efficiently and thoroughly . However, the mechanism of miR302/367-induced reprogramming remains largely unknown and the availability should be verified in various types of cells.
N2B27 supplements were reported to be the best chemically-defined substitution for knockout serum replacement (KSR) to maintain human ESCs (Liu et al. 2006) . Lately, taking advantage of serum-free N2B27 medium, Koide et al. (2012) generated miR302/367-induced pluripotent stem (mirPS) cells from human embryonic kidney (HEK) 293 cells via electroporation of miR302/367 expression vector. However, the characterization of pluripotency and self-renewal ability was not detailed enough in the mirPS cells because there lack evidences to support the differentiality potentiality in vivo (Koide et al. 2012) . Generally, differentiation into three germ layer lineages, even germ cells in vivo and in vitro is an important assay to evaluate the potentiality of ESCs or iPSCs (Eguizabal et al. 2011; Nayernia et al. 2006; Niu et al. 2013 ).
Thus, we used our constructed lentivirus of miR302/367 expression vector to generate mirPS cells from human embryonic kidney (HEK) 293T cells, and further investigated the characterization and differentiation potential into germ cells in vitro and in vivo. The results showed that the mirPS cells were efficiently produced by lentivirus transduction of miR302/367 expression vector, and these cells highly shared characteristics of ES cells, including their morphology, markers and potentiality of differentiation. This study might provide an efficient method to generate human pluripotent stem cells and germ cells derived from human HEK293T cell lines.
Materials and methods
ICR strain mice used in the study were maintained under standard conditions with free access to food and water at the Animal Facilities in our lab. All of the feeding and experimental procedures on animals were in accordance with the guidelines approved by the Northwest A&F University.
Cell culture
Human HEK293T cells were stored in Shaanxi Centre of Stem Cells Engineering and Technology, Northwest A&F University, which were cultured in Dulbecco's modified Eagle's medium (DMEM) high-glucose (Invitrogen, Carlsbad, CA, USA, 12800-017) medium containing 10 % fetal bovine serum (FBS, Hyclone, Logan, UT, USA, SH30071.03), 2 mM L-glutamine (Invitrogen, 21051024), 1 % nonessential amino acids (Invitrogen, 11130-051), 0.1 mM b-mercaptoethanol (Sigma, M7154), 100 U/ml/100 mg/ml penicillin/ streptomycin at 37°C under 5 % CO 2 .
Lentiviral vector construction and viral production
A mouse genomic DNA fragment comprising miR302/ 367 cluster of miRNA was amplified by PCR using primers listed in Table 1 . The amplified fragment was cloned into multiple clone site of pCDH-Promoter-MCS-EF1 Lentivector (CD513B-1, SBI, Mountain View, CA, USA) by emzyme restriction of EcoRI and BamHI, verified by sequencing and resulting in the generation of the vector pCDH-miR302/367. For lentivirus production, HEK293T cells were transfected with pCDH-miR302/367 along with pMD2.G (addgene, a gift from Dr. Du) and psPAX2 (addgene, a gift from Dr. Du) vectors. The virus-containing supernatant was collected at 48 h after transfection, filtered to remove cell debris, and used for infection.
Induction of mirPS cells
To test the role of miR302/367 in cell reprogramming, we chose HEK293T cells as target cells for human mirPS cell induction using our constructed lentivirus vector pCDH-miR302/367 expressing GFP, derived from pCDH-GFP (pCDH-GFP, SBI). HEK293T cells were plated at a density of 1 9 10 4 cells in a 60 mm dish. After 12 h, HEK293T cells were infected with virus-containing supernatant in the presence of 4 lg/ ml polybrene and incubated overnight at 37°C and 5 % CO 2 . After 24 h, the medium was discarded and replaced with fresh DMEM medium supplemented with puromycin (40 lg/ml, Sigma, P8833) for selection (3 days). For mirPS cell induction, we used serumfree N2B27-based medium (500 ml scale, DMEM/F12 (240 ml, Invitrogen, 12660-012) mixed with Neurobasal medium (240 ml, Invitrogen, 21103-049), adding N2 supplement (5 ml, Invitrogen, 17502-048), B27 supplement (10 ml, Invitrogen, 17504-044), 1,000 U/ml leukemia inhibitory factor (LIF, Millipore, Billerica, MA, USA, ESG1107), 2 mM L-glutamine (Invitrogen), 1 % nonessential amino acids (Invitrogen), 0.1 mM b-mercaptoethanol (Sigma), 5 mg/ml BSA (Sigma, A9647), 0.3 lM PD0325901 (Sigma, PZ0162) and 3 lM CHIR99021 (Stemgent, Cambridge, MA, USA, 04-0004-02) (Koide et al. 2012 ). The medium was changed every other day until the colonies became large enough to be picked up. The protocol is summarized in Fig. 1a . Vitamin C (Sigma, A4403) and A83-01 (Stemgent, 04-0014) and fibroblast growth factor (bFGF, Sigma, F0291) were used to optimize the culture of mirPS cells. The protocol is illustrated as Fig. 1a . The feeder-primary mouse embryonic fibroblast (MEF) layer were treated with Mitomycin-C (Sigma, 10 lg/ml for 3 h) and directly plated onto gelatin coated 6-well plate for further use.
Alkaline phosphatase (AP) staining
Alkaline phosphatase (AP) activity was determined essentially as described by Piedrahita et al. (1998) . Briefly, culture plates were rinsed three times in PBS and fixed in 4 % paraformaldehyde (PFA) for 10-15 min at room temperature. Fixed cells were washed three times with PBS and stained with naphthol AS-MX phosphate (200 lg/ml, Sigma, N4875) and Fast Red TR salt (1 mg/ml, Sigma, F8764) in 100 mM Tris buffer, pH 8.2-8.4, for 10-30 min at room temperature, and washed with PBS to terminate staining.
RT-PCR
Total RNA was extracted with Trizol reagent (TaKaRa, Dalian, China, 9109) from miR302/367-induced human mirPS cells at passage 2 and passage 11 or treated EBs. Single strand cDNAs were prepared from 2 lg RNA using a reverse transcription Kit (Fermentas-Fisher Scientific, Pittsburgh PA, USA, K1622) and specific gene expressions were analyzed. The RT- PCR primers used are listed in Table 1 , which are markers of stem cells, three germ layers or germ cells (Nayernia et al. 2006; Takahashi et al. 2007; Yu et al. 2007; Nicholas et al. 2009; Eguizabal et al. 2011; Panula et al. 2011; Easley et al. 2012; Hayashi et al. 2012; Niu et al. 2013) . PCR conditions were: initial denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s; the annealing temperature used was in accordance to the primer sequences for 30 s and 72°C for 30 s with a final extension at 72°C for 10 min. The PCR products were analysed using 2 % agarose (Invitrogen, 16500100) gel electrophoresis, stained with ethidium bromide (Invitrogen, 15585-011), and visualized under UV illumination.
QRT-PCR
The QRT-PCR reactions were set up in 25 ll reaction mixtures containing 12.5 ll 19 SYBR Ò PremixExTaq TM (BIOER, Hangzhou, China, BSB03l1), 0.5 ll sense primer, 0.5 ll antisense primer, 11 ll distilled water, and 0.5 ll template. The reaction conditions were as follows: 95°C for 30 s, followed by 45 cycles of 95°C for 5 s, and 58°C for 30 s. All expression levels were normalized to b-actin in each well. Expression was quantified as the ratio of the mRNA levels obtained from untreated HEK293T cells.
Immunocytofluorescence analysis
Samples of cells were fixed in 4 % paraformldehyde (PFA), treated with 0.1 % Triton X-100 for 10 min at room temperature. After blocking with 10 % FBS for 30 min, the cells were incubated with primary antibodies against pluripotent markers: OCT4 (1:500, Chemicon, Temecula, CA, USA, MAB4401), Sox2 (1:400, Chemicon, MAB4343), Klf4 (1:400, Chemicon, AB4138), c-MYC (1:400, Chemicon, AB3252), Nanog (1:400, CST, 3580), differentiation markers: GFAP (1:100, Chemicon, AB5804), ISLET1 (1:1,000, DSHB, Iowa City, IA, USA, 39.3F7), GLUT-2 (1:200, Chemicon, AB1342), and germ cell markers: EMA1 (1:100, DSHB, primordial germ cell surface marker), VASA (1:200, Abcam, Cambridge, UK, ab13840, primordial germ cell marker), PLZF (1:200, Santa Cruz., CA, USA, H-300, a Marker of Spermatogonial Stem Cells), SCP3 (1:300, Abcam, ab15093, meiotic prophase marker) respectively for overnight at 4°C. After washing three times in PBS, appropriate FITC or FITC-or TRITC-conjugated secondary antibodies (Chemicon, USA) were incubated for 1 h at room temperature in the dark. The nuclei of cells were stained by Hoechst 33342 or DAPI. Images were captured with a Leica fluorescent microscope.
In vitro differentiation of mirPS cells
To determine the differentiation ability of miR302/ 367-induced human mirPS cells in vitro, the 5th passage mirPS cells were harvested by trypsinization and transferred to bacterial culture dishes in the spontaneous differentiation medium. After 3 days, the aggregated cells (EBs) were plated onto gelatin-coated tissue culture dishes and incubated for another 3-7 days. (Takahashi et al. 2007 ). After 6 days of culture, the cells aggregated and formed EBs. The resulting EBs were transferred onto a 48-well culture plate (10-15 EBs per well) coated with 0.1 % gelatin. Attached EBs were supplemented with 0.1 lM retinoic acid (RA, Sigma, R2625) or bone morphogenetic protein 4 (BMP4, Peprotech, Rocky Hill, NJ, USA, 120-05) in spontaneous differentiation medium (DMEM supplemented with 15 % FBS, 2 mM L-glutamine, 1 % nonessential amino acids and 0.1 mM B-mercaptoethanol), which was changed every 2 days to avoid its degradation. Simultaneously, some EBs were induced by chondrocytes differentiation medium and analysed by Alcian Blue staining according to manufacturer's instructure (Cyagen Biological Corporation, HUXMA-90041) (Qiu et al. 2012) . Seven days later, the EBs and suspension cells were harvested and analyzed by Alcian Blue staining according to manufacturer's instructions (Cyagen Biological Corporation, Guangzhou, China, HUX-MA-90041).
Teratoma formation
The mirPS cells of passage 5 were cultured and dispersed into single cells by incubation in 0.05 % trypsin for 2-3 min at 37°C. MirPS cells (2 9 10 6 ) were transplanted into the kidney capsules of ICR mice, which were given a single dose of busulfan (40 mg/kg body weight) by intraperitoneal injection to destroy endogenous spermatogenesis (Hua et al. 2011 ). After 9 weeks of growth, tumor tissue was removed, fixed in 4 % PFA, and processed for paraffin section (Niu et al. 2013) . Additionally, human mirPS cells were transplanted into dorsal flanks of kidney in busulfan-treated mice.
Results

miR302/367 induced the generation of human mirPS cells from HEK293T cells
HEK293T cells were transduced with lentivirus pCDH-miR302/367 or pCDH-GFP, and cultured following the protocol (Fig. 1a, b) . Approximately 1 week later, a number of HEK293T cells gradually gathered together or proliferated to form granulated colonies (Fig. 1c) . At day 15, we observed distinct types of colonies (Fig. 1d) , and we picked human ESlike colonies (Fig. 1e) . miR302/367-induced human mirPS cells were passaged according to previous reports (Takahashi et al. 2007 ), maintaining an ESClike morphology but a weaker GFP fluorescence at passage 10 (Fig. 1f) . In order to rule out the possibility of N2B27-based medium gathering HEK293T cells to form ES-like colonies, we transduced HEK293T cells with pCDH-GFP lentivirus and cultured them in the same conditions. HEK293T cells expressing GFP could proliferate on MEFs in N2B27-based medium, but they failed to form compact ES-like colonies (data not shown).
miR302/367-induced human mirPS cells express human ES cell markers
Real-time PCR analysis showed that induction of miR302/367 incresed the expression of Sox2, Klf4, c-Myc and Nanog genes (Fig. 2a) . RT-PCR analysis confirmed the results of human mirPS cells expressing several undifferentiated ES cell markers, such as Oct4, Nanog and Klf4 (Fig. 2b) . Immunofluorescence analysis also showed miR302/367-induced human mirPS cells were positive for OCT4, Nanog, Sox2, Klf4 and LIN28 (Fig. 3) .
Additionally, we found two small molecules (vitamin C and A83-01) and bFGF could better shape the morphology of miR302/367-induced human mirPS cells and increased AP-positive colonies (Fig. 2c) . Therefore, we added vitamin C and bFGF in the N2B27-based mirPS cell culture medium.
In vitro differentiation of miR-302/367-induced human mirPS cells After the cells cultured in suspension for 6 days, miR302/367-induced human mirPS cells formed ballshaped structures (EBs) (Fig. 4a) . By contrast, most of untreated HEK293T cells tiled on the non-adhesive surfaces of Petri dishes, with only a few uncompacted aggregation (data not shown). When the mirPS cellinduced EBs were formed and transferred onto Matrigel-coated plates, these embryoid body-like structures attached to the bottom and initiated spontaneous differentiation. After 7 days culture, the attached differentiated cells were positive for glial fibrillary acidic protein (GFAP, ectoderm), Islet1 (ISL1, mesoderm), and Glucose transporter 2 (GLUT2, endoderm) analyzed by immunofluorescence staining (Fig. 4c) . RT-PCR analysis confirmed that these differentiated cells expressed bIII-tubulin (ectoderm), NSE (ectoderm), Vimentin (mesoderm), and PAX4 (endoderm) (Fig. 4b) . In addition, we added TGFbII to promote chondrocytes differentiation. After 7 days, the induced cells were positive for Alcian Blue (Fig. 5a ).
Differentiation of miR302/367-induced human mirPS cells into germ-like cells in vitro and in vivo
We then induced the mirPS cells into germ cells by culturing adherent EBs in BMP4 and RA b RT-PCR analysis of pluripotent genes. c The effects of vitamin C, A83-01, and bFGF on the morphology and AP activity of mirPS cells. The top panels are images of bright field c. The bottom panels are images of AP staining (c-f) differentiation medium for 7 days. Some large round cells emerged after induction, which resembled germ cells and expressed germ cell marker-PLZF. Immunofluorescence analysis also showed the expression of other germ cell markers, such as EMA1, VASA, and SCP3 (Fig. 5c) .
To test the pluripotency in vivo, we transplanted human mirPS cells subcutaneously into dorsal flanks of kidney in busulfan-treated mice. 9 weeks later, we observed the formation of tumor-like structures. Histological examination demonstrated that the tumor contained ectoderm and mesoderm tissues, however, no typical endoderm structures were formed. By immunofluorescence staining, we found that there were EMA1-, PLZF-, and VASA-positive cells in transplanted cells (Fig. 6) , indicating a potential differentiation of miR302/367-induced human mirPS cells into germ-like cells in vivo.
Discussion
Since Takahashi and Yamanaka (2006) discovered that somatic cells could be reprogrammed into iPSCs, the original combination of reprogramming factors (Oct4, Sox2, Klf4, and c-Myc) has been used to generate iPSCs from a wide-range of cell types. Improvements of gene-delivery methodology (Jia et al. 2010; Seki et al. 2010 ) and addition of small molecules (Feng et al. 2009; Cai et al. 2013 ) could increase the efficiency to some extent, yet still remaining at very low levels. In addition, the feasibility and safety of using iPS cells for clinical applications require further studies.
Whether transcription factors could be optimized or replaced during reprogramming need further investigation. Recently, evidences from different investigations have suggested an important role of miRNAs in maintaining ES cell biology and reprogramming somatic cells into iPSCs Barrosodel Jesus et al. 2009; Liao et al. 2011; Lin et al. 2011; Fareh et al. 2012; Kuo et al. 2012) . Judson et al. (2009) found that ESC miRNAs increased the generation efficiency of mouse iPS cells combined with Sox2, Oct4, and Klf4. Among different ESC miRNAs, miR-294 exhibited the greatest effect on reprogramming and increased the efficiency of iPS cell generation from 0.01-0.05 % to 0.4-0.7 % (Ren et al. 2009 ).
The miR302/367 family (mir-302s) consists of four highly homologous miRNA members mir-302b, mir-302c, mir-302a, mir-302d, and mir-367, which are expressed abundantly in human ES cells and decreased quickly after cell differentiation (Suh et al. 2004; Barroso-delJesus et al. 2008) . The miR302/367 cluster, with predicted targets associated with chromatin modification (Chen et al. 2007) , was shown to promote reprogramming (Liao et al. 2011; Subramanyam et al. 2011; Kuo et al. 2012; Zhang and Wu 2013) . Furthermore, ectopic expression of mir-302 s without transcription factors was demonstrated to be capable of reprogramming differentiated cells into pluripotent state (Lin et al. , 2011 Miyoshi et al. 2011; Lin and Ying 2013) . Altering miR302/367 expression disrupts the balance of lung endoderm progenitor proliferation and differentiation, as well as the apical-basal polarity . It was recently reported that miR302/367-mediated reprogramming is two orders of magnitude more efficient than standard Oct4/Sox2/Klf4/Myc-mediated methods (Anokye-Danso et al. 2011). Since miRNAs generally target scores or hundreds of mRNAs, homologous sequence of mir-302 s can amplify the effects, thus increasing the efficiency.
Very recently, Koide et al. (2012) employed N2B27 medium in place of FBS, successfully generating miR302/367-induced pluripotent stem (mirPS) cells from human embryonic kidney (HEK) 293 cells. However, the detailed characterization including pluripotency and self-renewal ability was omitted (Koide et al. 2012) . In our study, we obtained ES-like cells derived from HEK293T cells in serum-free N2B27 medium. Moreover, our results showed that these cells had the potential to differentiate into three germ layers in vitro and in vivo. Furthermore, we induced the cells differentiating into germ-like cells. Germ cells are responsible for passing genetic information to the next generation. It is of vital importance to establish in vitro model of germ cell differentiation. Recent studies have shown that mouse ESCs and iPSCs could differentiate into primordial germ cells (PGCs), some of which subsequently even develop into gametes (Nayernia et al. 2006; Nicholas et al. 2009; Eguizabal et al. 2011; Panula et al. 2011; Easley et al. 2012; Hayashi et al. 2012; Niu et al. 2013) . In our study, we used the previous methods to demonstrate that the mirPS cells derived from HEK293T cells could differentiate into germ-like cells, which were positive for germ cell markers including PLZF, EMA1, VASA, and SCP3 (Hua et al. 2009; Gassei and Orwig 2013) . However, the function of the induced cells and the efficiency need to be verified.
Vitamin C was reported to enhance the efficiency of generating human iPS cells (Esteban et al. 2010) . Basic fibroblast growth factor (bFGF) could support the maintenance of human ES and iPS cells (Mochiduki and Okita 2012). In our study, we found that addition of Vitamin C and bFGF promoted the induced mirPS cells maintain similar morphology as ES cells and higher percentage of AP-positive cells maintain more compact and AP-positive. HEK293T cells have been transducted with SV40 large T antigen (T), which has been reported to enhance the efficiency of generating iPS cells by 23-70 fold from both human adult and fetal fibroblasts (Mali et al. 2008) . Whether miR302/367 and SV40 large T antigen have synergistic effects or they are independent is still worth of further investigation.
In conclusion, we found overexpression of miR302/ 367 cluster could reprogram human embryonic kidney (HEK) 293T cells into induced pluripotent stem (mirPS)-like cells in serum-free N2B27-based medium. Additionally, we first demonstrated the potential of mirPS cells differentiating into germ cells both in vitro and in vivo. These data suggest that differentiated cell lines could be induced into pluripotent-like cells in an appropriate niche and transcription state.
